Abstract:Dynamic economic dispatch (DED) is an important problem in power system generation, operation, planning, and control. The objective of the DED problem is to schedule power generation for the online units over a time horizon, satisfying the unit and ramp rate constraints. Here, valve point loading effects that cause nonsmoothness of the objective function is also considered while solving the DED. The accuracy of the solution not only depends on the optimal scheduling of generating units, but it also lies in accuracy while estimating transmission system losses. Generally, B-loss coefficients are used in estimating transmission losses. However, in the literature, A-loss coefficients are found to be at par with B-loss coefficients in estimating transmission system losses. Therefore, in this paper, the performance in estimating the transmission system losses using A-loss coefficients are investigated through the solution of the DED problem. Here, a recently evolved heuristic search technique called the gravitational search algorithm is used for solving the DED.
Introduction
The economic dispatch (ED) problem involves the scheduling of optimal generation of committed units to minimize the total operating cost of the power system. Here, operating constraints such as power balance constraint and generator operating limit constraints are considered. However, to avoid shortening of equipment life, thermal gradients inside the turbine should be maintained within safe limits. This mechanical constraint is translated into limits on the rate of increase of the electrical output and is known as the ramp rate limit, which is vital in solving the dynamic economic dispatch (DED) problem [1] . Therefore, the DED is an extension of the conventional ED problem in which ramp rate limits of generating units are taken into account [2, 3] .
Traditionally, the cost function of the thermal power generating unit is assumed to be linear. However, the cost function of the generating unit is nonlinear, nonconvex, and nonsmooth due to multiple steam admission valves in the turbine [4] . Therefore, the conventional optimization techniques, which require convex characteristics, cannot be used to solve an optimization problem with nonconvex input-output characteristics [5] .
In the literature, various heuristic optimization algorithms are proposed to solve the DED problem with * Correspondence: malanisuryakumaran@gmail.com a nonsmooth cost function [3, 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Heuristic algorithms do not guarantee the global optima. However, a reasonable near optimal solution is always guaranteed [18] . Rashedi et al. developed a gravitational search algorithm (GSA) to solve nonlinear optimization problems [19] . Duman et al. [20] proposed the use of the GSA to solve the ED problem in which conventional B-loss coefficients are used to evaluate the transmission losses. Güvenç et al. proposed the use of the GSA to solve combined emission economic dispatch (CEED) [21] . Shah et al. proposed an opposition-based GSA to solve CEED [22] . Swain et al. proposed the use of GSA in solving the DED [23] . However, transmission network losses were not considered in their work. While solving the DED, it is vital to calculate the transmission network losses.
Transmission losses in a power system network are generally calculated using B-loss coefficients [24] .
However, the losses calculated using B-loss coefficients need not be accurate [25] . In [26] , Ziari et al. proposed polynomial loss coefficients to calculate transmission losses. Here, the transmission losses are expressed as second-order polynomial equations. These polynomial loss coefficients are obtained by using a curve-fitting technique, which is a tedious process when a large power system network is considered. Nanda et al. proposed the use of A-loss coefficients in evaluating transmission losses [25] . A-loss coefficients when compared with Bloss coefficients are extremely robust and need not be reevaluated even for wide changes in the loading pattern [25] . In [27] , A-loss coefficients were used to calculate transmission losses in ED. However, the use of A-loss coefficients in solving DED is not yet explored.
In this paper, the DED problem with a nonsmooth cost function is solved using the GSA. Here, the calculation of transmission network losses is carried out using A-loss coefficients. The A-loss coefficients are calculated at the nominal load using the perturbation technique. The performance of the proposed method is validated using standard benchmark test systems, namely the IEEE 30-, IEEE 39-, and IEEE 118-bus systems.
This article is organized as follows. In Section 2, the problem formulation of the DED is explained. In Section 3, the procedure for estimation of nominal A-loss coefficients using the perturbation technique is presented. In Section 4, implementation of the proposed method to solve the DED problem using the GSA is explained. The results and discussions are presented in Section 5. Finally, conclusions are given in Section 6.
DED problem formulation
The objective of the DED problem is to schedule the optimal generation of committed units to minimize the cost of generation, subject to power balance constraint, generator operating limit constraints, and ramp rate limit constraints. The fuel cost of unit i at hour t is expressed as in Eq. (1).
Here, the cost function of the generating unit is nonsmooth. When the load on a thermal generator is increased, it consumes more fuel and the steam admission valves are sequentially opened to feed the additional fuel required. When a valve is opened, the throttling losses increase rapidly, which in turn forces the cost function to be nonsmooth [5] . The objective function of the DED problem is mathematically expressed as in Eq. (2).
Minimize
Subject to:
2) Generating unit operating limits constraint.
3) Generating unit ramp rate limit constraints.
Conventionally, transmission losses in a power system network are evaluated using B-loss coefficients as in Eq. (7). In the proposed work, transmission losses are calculated using A-loss coefficients as in Eq. (8) .
Evaluation of A-loss coefficients
A-loss coefficients are evaluated using the perturbation technique [25] . The step-by-step procedure to estimate A-loss coefficients is as follows. 4. Solve Eq. (9) and obtain A-loss coefficients.
Implementation of GSA for DED using A-loss coefficients
The GSA is a heuristic algorithm developed by simulating the laws of gravitation and motion. This algorithm was developed by Rashedi et al. [19] . It is a population search-based algorithm used to solve nonlinear and nonconvex optimization problems. Here, the probable solutions are represented as the position of objects in the universe. Each object in the universe attracts every other object with a gravitational force. The gravitational force between two objects is directly proportional to their masses and inversely proportional to the square of the distance between them. As a result of the gravitational pull exerted on one object by the other object, it moves. If more objects are present, then the movement of each object is governed by its mass and the vector sum of the gravitational pull exerted on it by all other objects. These principles of gravitation and motion are incorporated into the GSA.
In the proposed method, the DED is solved using the GSA, in which transmission losses are evaluated by using A-loss coefficients. The step-by-step procedure in implementing the GSA to solve the DED is as follows:
1. Read system data, load profile, tolerance in power balance mismatch (PBM), number of objects (N ), lifespan of the universe (Γ max ), percentage of objects that can attract other objects at the end of the universe ( F P ), and initial gravitational constant (G 0 ) .
2. Evaluate A-loss coefficients at the nominal load and initialize t = 1 .
3. Initialize age of the universe (Γ) as 1, acceleration (a) and velocity ( V ) of each object in universe as 0, and population of N objects randomly. Each object is represented by its position in the ng dimensional space as a vector,
Each element in the vector X I represents the real power generated by each generator. Then the entire population can be expressed as in Eq. (10) . Here, the objects are generated in such a way that they satisfy generator operating limit constraints. The position of object I in dimension i is calculated as in Eq. (11) .
4. Calculate the fitness of each object in the universe as in Eq. (12) .
5. Calculate the mass of each object in the current population by using Eq. (13) .
Here, m I (Γ)is expressed as in Eq. (14) .
Here, 'best' and 'worst' are the minimum and maximum fitness values, respectively.
6. Calculate the gravitational force acting on object I in dimension i by using Eq. (15) .
Here, rand is a random variable, F g i IJ is the force exerted on object I by object J , and kbest is the number of objects in the current population that can attract another object.
Here, R IJ is the distance between objects I and J , ξ is a small numeric constant, and G (Γ) is the gravitational constant at the current age of the universe, which is expressed as in Eq. (18) .
Here, α is a constant.
7. Calculate the acceleration of each object in the current population by using Eq. (19) .
8. Update the velocity and position of each object by using Eq. (20) and Eq. (21), respectively.
Update the best fitness value obtained until the current age of the universe ( Γ) as the optimum cost for the current time interval(t).
9. If Γ =Γ max , then proceed to the next step. Otherwise, increment Γ and go to step 5.
10. If t = T , then stop the iterations. Otherwise, increment t, update the operating limits using Eqs. (5) and (6) , and go to step 3.
Repair strategy for constraint management
When an initial solution is randomly generated or if the object position is modified, violation of the power balance constraint of Eq. (3) and ramp rate constraints should be checked (Eqs. (5) and (6)). [28] . The PBM is the difference between the sum of power generated by all generators and the sum of load demand and transmission loss. If the power balance constraint is violated (PBM >Tol), then the power generated by each generating unit is modified to make the PBM less than the specified tolerance. Here, the PBM is equally shared between all the generating units. For example, let = 3, object = [47 50 60], and power demand = 150 MW, and losses corresponding to the object = 1 MW. Then the PBM will be equal to 6 MW. Therefore, the position of the object is varied as = [45 48 58]. If generator operating limit constraints are violated, then the generator that violates the limit will be brought back to its corresponding limit. For example, if the minimum limit on the first generator is 46 MW, then the position of object is modified as [46 48 58]. Here, modification of generating unit output carried out to satisfy one constraint leads to violation of another constraint. In order to satisfy all the constraints of Eqs. (3), (5), and (6) simultaneously, the above corrections are repeated for a preset number of iterations. Here, the generating unit that undergoes correction for operating limit constraints is restrained from further PBM sharing. Once the repair strategy is completed, the objects that violate the constraints will be penalized during evaluation.
Results and discussions
All simulations are carried out using SCILAB 5.4 and executed on a personal computer with 4 GB RAM and 2.4 GHz processor. The proposed method of solving the DED problem using the GSA with A-loss coefficients is validated on three different test systems after careful parameter selection. The DED is solved using the GSA with A-loss coefficients. It should be noted that the loss coefficients are calculated at the nominal load of the test system. The tolerance value for the PBM is taken as 10 −8 per unit.
GSA parameter selection
Prior to validation of the proposed method, the parameters of the GSA, such as the number of objects (N), the age of the universe ( Γ max ), and the final percentage (F P ) are selected. For each parameter, several values are taken between the boundaries. Here, N ϵ10, 20, . . . , 300}, Γ max ϵ10, 20, . . . , 50} , and F P ϵ2, 4, . . . , 32}. For each combination of parameters the DED is solved for five trials using the GSA to get statistical information about the average evolution. The optimum combinations of parameters for each test system are given in Table 1 . 
Test case 1: IEEE 30-bus system
The data for the IEEE 30-bus system are adapted from [24, 29, 30] . The valve point coefficients of the generators are given in Table 2 . The nominal loss coefficients of the system are given in Table 3 . Owing to the randomness of the heuristic algorithms, their performance cannot be judged by the result of a single run. Many trials should be carried out to acquire a useful conclusion about the performance of the algorithm [31] . Therefore, in Table 4 , the DED results obtained using the GSA with A-loss coefficients and the GSA with B-loss coefficients are compared in terms of best, worst, and average total fuel cost obtained over 10 trials. The generation schedules of units obtained using the GSA with A-loss coefficients are given in Table 5 . In Table 6 , the total fuel cost obtained using the proposed method is compared with total fuel cost obtained using various other methods. 
Test case 2: IEEE 39-bus system
The data for the IEEE 39-bus system are adapted from [10, 32] . The loss coefficients are calculated at the nominal load and the same loss coefficients are used throughout the schedule. The nominal loss coefficients of the system are given in Table 7 . The DED is solved using the GSA with A-loss coefficients for 10 trial runs and the generation schedule resulting in minimum fuel cost is given in Table 8 . In Table 9 , the proposed method is compared with the results of the GSA with B-loss coefficients in terms of best, worst, and average total fuel cost obtained over 10 trials. Table 10 gives the comparison of total fuel cost obtained using the proposed method with total fuel cost reported in the literature.
Test case 3: IEEE 118-bus system
The data for the IEEE 118-bus system are adapted from [29] . The DED is solved using the GSA with A-loss coefficients. The hourly load, generation, losses, and fuel cost of the obtained generation schedule are given in Table 11 . The total fuel costs obtained by solving the DED using the proposed method and other methods available in literature are compared in Table 12 . Table 8 . IEEE 39-bus system: generation schedule using the GSA with A-loss coefficients. From the above results, it is clear that the proposed GSA gives better results than other methods in the literature when A-as well as B-loss coefficients are used. The best, worst, and average costs obtained using the GSA with A-loss coefficients are less compared to the GSA with B-loss coefficients. Therefore, it is apparent that the fuel cost reduces when A-loss coefficients replace conventional B-loss coefficients. Hence, the proposed GSA with A-loss coefficients is a competent method for solving the DED problem. When the A-loss coefficients are used to evaluate transmission losses in a DED problem, the optimum fuel cost is reduced. The fuel cost is reduced as the use of A-loss coefficients gives more accurate losses, which in turn shifts the dispatch from one operating point to the other due to the dynamic nature of the power system network. Table 11 . IEEE 118-bus system: generation schedule using the GSA with A-loss coefficients. 
Conclusion
This paper has employed A-loss coefficients in transmission loss evaluation while solving the DED. Here, the GSA is used to solve the DED. The feasibility of the proposed approach is demonstrated using various standard benchmark test systems. The comparison of the results of the proposed approach with the DED using the GSA with B-loss coefficients reveals that the total fuel cost reduces when A-loss coefficients are used. Therefore, the use of A-loss coefficients is found to be a better alternative for B-loss coefficients in transmission loss evaluation. Furthermore, the comparison of the results with other methods reported in the literature substantiates that the proposed method is very competent to solve the DED problem. The proposed method is applicable to small as well as large-scale power systems. 
